Adeno -associated virus ( AAV ) vector has several unique properties suited for gene therapy applications. However, relatively low efficiency of transgene expression, which is mainly due to a limited second -strand synthesis from the single -stranded AAV genome, can be a problem in some applications that require potent gene expression such as antitumor applications. Recently, -ray irradiation has been reported to enhance the second -strand synthesis of the AAV genome, and consequently transgene expression. We demonstrate here that an AAV vector harboring the herpes simplex virus type -1 thymidine kinase ( HSVtk ) is able to kill cancer cells more efficiently when used in combination with -ray irradiation. A human maxillary sinus cancer cell line, NKO -1, was efficiently killed in combination with HSVtk transduction and ganciclovir ( GCV ) , as expected. More importantly, -ray irradiation of practical dosages augmented the cytocidal effect of the HSVtk / GCV system. Southern analysis indicated that -rays enhanced the double -strand synthesis of the rAAV genome in NKO -1 cells. These findings suggest that the combination of rAAVtk / GCV suicide gene therapy with radiotherapy has synergistic effects in the treatment of cancers and may lead to a reduction of the potential toxicity of both rAAVtk / GCV and -ray irradiation. Cancer Gene Therapy ( 2001 ) 8, 99 ± 106
P atients with advanced cancers have poor prognosis even with aggressive treatments involving surgery, radiotherapy, and chemotherapy, regardless of the cancer stage or patient characteristics. Conventional palliative treatments are often toxic and sometimes not effective. In addition, no effective salvage therapy exists for patients in whom standard treatment failed. Therefore, a new treatment is desired both to improve survival in the long term and to obtain worthwhile, less toxic palliation in the short term. Recent progress in gene therapy technologies has made it possible to develop novel therapeutic strategies for intractable cancers. At present, several virus vectors, such as retroviral 1 and adenoviral 2 vectors, have been utilized for cancer gene therapy.
Adeno -associated virus (AAV ) is a nonpathogenic virus with a single-strand DNA genome. 3, 4 AAV vectors have emerged as a useful alternative to other vectors. 5 AAV vectors have been evaluated in preclinical and clinical studies for Parkinson's disease, 6 cystic fibrosis, 7 and hemophilia B. 8 However, to our knowledge, the application of AAV vectors to cancer gene therapy has not been fully investigated, although several preclinical studies have been made. 9 ± 12 AAV vectors have a broad host range. However, an obstacle to their application is a low efficiency of transgene expression, mainly due to a limited second -strand synthesis. 13, 14 Recently, -ray irradiation has been reported to enhance the second -strand synthesis of the rAAV genome and to improve the transgene expression. 15 Thus, an AAV vector harboring a suicide gene would kill target cells more efficiently when combined with -ray irradiation.
One well -studied suicide gene is the herpes simplex virus type -1 thymidine kinase ( HSVtk ). 16, 17 The HSVtk /GCV ( ganciclovir ) enzyme /prodrug system has been shown to be effective for controlling tumor growth in animal models. 18, 19 However, it is difficult to eradicate cancer cells by the HSVtk /GCV system alone and tumors may recur after termination of the prodrug therapy. Thus, other therapeutic modalities, such as combination therapies, are under development. 20, 21 In the present study, we explored the possibility of combining suicide gene therapy using the AAV vector with -ray irradiation to enhance cytotoxicity, thereby providing a more effective means to control tumor growth.
MATERIALS AND METHODS

Cell lines
The 293 cells and a squamous cell carcinoma cell line, NKO -1, 22 established from a human maxillary sinus cancer, were cultured in Dulbecco's modified Eagle's medium /F12 ( Gibco -BRL, Grand Island, NY ) supplemented with 10% heat -inactivated fetal bovine serum, 100 U / mL penicillin, and 100 g/ mL streptomycin ( Irvine Scientific, Santa Ana, CA ) at 378C in 5% CO 2 .
Plasmids
The plasmid pAAV-LacZ contains the cytomegalovirus ( CMV ) promoter, human growth hormone first intron, Escherichia coli LacZ gene, and SV40 early polyadenylation sequence between inverted terminal repeats. A 1.8 -kb DNA fragment encoding the HSVtk gene was obtained by double digestion with HincII and PvuII of plasmid M2 (a gift from Dr. Y. Mishina, Yokohama City University, Japan ) 23 subcloned into the pAAV-LacZ in place of the LacZ gene ( pAAVtk ). pW1909 is an AAV helper plasmid harboring rep /cap sequences, on which the p5 promoter was moved to downstream of the poly A signal to enhance AAV vector production. 24 An adenovirus helper plasmid contains the adenovirus early genes E2a, E4, and VA. 25 Plasmids were purified with the QIAGEN plasmid purification kits (Qiagen, Hilden, Germany ).
AAV vector production
AAV vectors were produced by using an adenovirus -free system. 25 Briefly, 1 day before transfection, 293 cells were plated onto 15 -cm dishes ( 3Â10 6 cells/dish ). Subconfluent 293 cells were cotransfected with 20 g of each plasmid Ð pW1909, AAV vector plasmid, and adenovirus helper plasmid Ð by a calcium phosphate coprecipitation method. The medium was changed following incubation for 6 hours at 378C. Recombinant AAV was harvested at 72 hours after transfection by three cycles of freeze /thawing. The vector solution was then purified on a CsCl gradient twice as described previously. 25 The titer was determined by a quantitative dot blot hybridization of DNase -treated stocks.
Radiosensitivity assay
One day before irradiation, 1Â10
3 NKO -1 cells were plated onto 6 -cm dishes in triplicate. The cells were irradiated using GAMMACELL -40 ( Atomic Energy of Canada Limited, Ottawa, Canada) at a dose rate of 0.83 Gy /min. Clonogenic survival was determined by counting colonies at 10 days postirradiation. Based on the cell survival curve obtained, radiosensitivity was assessed. A radiation cell survival curve was fit by using the single -hit multi -target model, 26 and then quasi ( D q ) and mean threshold doses ( D 37 ) were determined.
Transduction of NKO -1 or 293 cells with rAAV
One day before transduction, 1Â10 4 cells were plated onto 6 -cm dishes in triplicate. The cells were transduced with different amounts of rAAV-LacZ or rAAVtk.
Assay for -galactosidase ( -gal ) activity
Thirty -six hours after transduction with rAAV-LacZ, the cells were fixed with 0.05% glutaraldehyde in phosphatebuffered saline and stained with 5 -bromo -4 -chloro-3-indolyl -D -galactoside ( X -gal) in phosphate -buffered saline containing 5 mM K 3 [Fe(CN) 6 ], 5 mM K 4 [Fe(CN) 6 ], and 1 mM MgCl 2 . 27 Transduction efficiency was determined by counting positive cells. In addition, we assayed the amount of -gal with the -gal enzyme -linked immunosorbent assay (ELISA ) kit ( Boehringer-Mannheim, Mannheim, Germany ).
Irradiation of cells
To determine the optimal timing of -ray irradiation, NKO -1 cells plated at a density of 1Â10 4 cells/well in 12-well plates 24 hours prior to irradiation were transduced with 6Â10 4 particles /cell of rAAV-LacZ at 6, 3 hours, or immediately before irradiation. Alternatively, NKO -1 cells were transduced with rAAV-LacZ immediately, 3, 6, 12, or 24 hours after irradiation. The experiments were repeated three times.
Analysis of the second -stranded synthesis
NKO -1 cells grown in 10 -cm dishes ( 1Â10 6 / dish ) were transduced with 2Â10 4 particles / cell of rAAV-LacZ immediately after irradiation. As a control, rAAV-LacZ ± transduced cells were infected with adenovirus type -2 at an MOI of 10. Two days later, total DNA was isolated under a lowsalt condition ( 10 mM Tris ± HCl [pH 7.5] , 5 mM EDTA, and 0.5% sodium dodecyl sulfate ) 28 to prevent annealing of the rAAV-LacZ genomes. Forty micrograms of untreated genomic DNA, or an equal amount of genomic DNA digested with 40 units of mung bean nuclease ( Takara, Tokyo, Japan ), was resolved on 1% agarose gels, transferred to nylon membranes (Hybond N + ; Amersham, Buckinghamshire, UK ), and then hybridized with CMV promoterspecific probe radiolabeled using random primer labeling kit ( Amersham ) in 50% formamide, 6Â SSC, 0.5% sodium dodecyl sulfate, 5Â Denhardt's solution, and 100 g/mL denatured salmon sperm DNA at 428C overnight. The membranes were washed and then analyzed on an image analyzer ( BAS -1500; Fuji, Tokyo, Japan ).
GCV treatment
The cells were plated and transduced with rAAVtk as described above. Twenty -four hours after transduction with rAAV, culture media were replaced by fresh media containing various concentrations of GCV ranging from 0 to 100 g /mL. After a 5-day incubation in the presence of GCV, surviving cells were counted. The survival rate was
Cancer Gene Therapy, Vol 8, No 2, 2001 calculated from the ratio of the number of surviving cells to cells not treated with GCV. To evaluate the synergistic effect of the rAAVtk /GCV system and -ray irradiation, the cytocidal effects were assessed using cell survival curves on which the percentage of the cells that survive a given treatment is plotted as a function of irradiation dose.
RESULTS
Radiosensitivity assay
A survival curve for NKO -1 cells 22 was obtained by applying the single-hit multi -target model. 26 As shown in Figure 1 , the curve has a shoulder as represented by 2.6 Gy for D q and shows 5.6 Gy as D 37 . Based on these results, we irradiated NKO -1 cells with -rays at doses of 0 to 4 Gy. Effect of -ray irradiation on rAAV -mediated transgene expression -Rays have been shown to increase the transduction efficiency with rAAV, mainly by accelerating the rate of leading-strand synthesis of the rAAV genome. To maximize the transgene expression by rAAV, we evaluated the timing of -ray irradiation relative to the transduction with rAAV. KANAZAWA, URABE, MIZUKAMI, ET AL: SUICIDE GENE THERAPY WITH rAAVtk AND -RAY significantly as analyzed by two-way ANOVA ( P <.01). Transduction more than 6 hours before irradiation, or more than 12 hours after irradiation, had no significant effect on LacZ expression (data not shown) . Also, the amounts ofgal in NKO -1 cells transduced with 6Â10 3 particles / cell of rAAV-LacZ immediately before ( open square ) or after irradiation ( closed square ) were measured by enzymelinked immunoassay ( Fig 3b ) . The -gal expression levels in NKO -1 cells transduced immediately after irradiation were significantly higher than in those transduced beforeray exposure ( two-way ANOVA: P < .01 ). The similar results were observed at titers from 2Â10 3 to 2Â10 5 particles /cell (data not shown ). Even in low doses of irradiation, marked differences were observed in the amount of -gal expression.
-Rays enhance the second -strand synthesis of the rAAV genome in NKO -1 cells
To examine whether the second -strand synthesis of the rAAV genome occurs more efficiently in -ray ± irradiated cells, NKO -1 cells were subjected to 0, 2, or 4 Gy of -ray irradiation, and then transduced with 2Â10 4 particles / cell of the rAAV-LacZ. At 48 hours post -transduction, total DNA was isolated, treated with or without mung bean nuclease, and then separated on 1% agarose gels. After transfer to nylon membranes, signals corresponding to the rAAV-LacZ genome were detected with a probe specific for the CMV promoter. After the treatment with mung bean nuclease, which digests single-stranded DNA, the double -stranded replicative form (RF ) could be easily detected with longer exposure time ( Fig 4b) . The single -stranded rAAV-LacZ genome migrated faster and was visualized as a broader band ( ssDNA in Figure 4a ) , whereas the double -stranded monomer RF was detected as a discrete band. Lane 2 contains a 4.7 -kb fragment derived from pAAV-LacZ, which is equivalent to the RF in size. The backgrounddeducted intensity of each RF was measured quantitatively. At the dose of 4 Gy (lane 6 ) , the intensity of signal corresponding to the RF increased significantly, suggesting that the augmented transgene expression is associated with the conversion of the single -stranded rAAV genome to the double -stranded RF. The RF band at the dose of 2 Gy (lane 5 ) was not so strong, but the conversion ratio from the single-stranded form seemed to be greater than that of the control (0 Gy, lane 4 ). Figure 5a shows the killing effect of GCV (3 g/mL) on NKO -1 cells transduced with various doses of rAAVtk ( closed bar ). When NKO -1 cells were transduced with 2Â10 3 particles / cell of rAAVtk, 40% of the transduced NKO -1 cells was killed by the exposure to GCV. As the dose of rAAVtk was increased, surviving cells were reduced and 96% of the cells was killed when transduced with 2Â10 5 particles /cell of rAAVtk, which was significantly different from the case for rAAV-LacZ± transduced cells (hatched bar ) as analyzed by two-way ANOVA ( P < .01 ). Next, NKO -1 cells were transduced with rAAVtk at a fixed dose of 2Â10 4 particles / cell and then treated with different concentrations of GCV. As shown in Figure 5b , 35% of NKO -1 cells was killed at 0.3 g /mL GCV, whereas 81% was killed at 3 g /mL, again a significant increase in the killing effect as compared with rAAV-LacZ ± transduced cells (hatched bar ) or mock -transduced cells ( open bar ) ( two -way ANOVA: P<.01).
GCV treatment
Enhanced cytocidal effect of the rAAVtk / GCV system byray irradiation
To investigate whether -rays enhance the killing effect of rAAVtk /GCV, NKO -1 cells were transduced with 6Â10 3 Gy of -ray, and then cultured in different concentrations of GCV (0 ± 3 g/ mL) as shown in Figure 6 .
To facilitate comparison of the synergistic therapeutic effect, the percentages of surviving cells after irradiation were plotted against those after mock irradiation. When NKO -1 cells were transduced with 6Â10 3 particles /cell of rAAVtk ( Fig 6a) , surviving cells decreased in number as the dose of -ray irradiation increased without the exposure to GCV ( closed square ), and an average of 47% of the cells remained after 4 Gy of irradiation. When the cells were treated with different concentrations of GCV, the ratio of surviving cells further decreased as the dose of GCV increased. Only 15% of the cells remained on exposure to 4 Gy of -ray irradiation after incubation with 3 g /mL GCV. . Twenty -four hours after transduction, the cells were exposed to 3 g / mL GCV and incubated for 5 days. The survival rate was calculated as described in Materials and Methods. Data were analyzed by two -way ANOVA. Asterisks mean that the data obtained for rAAVtk transduction were significantly different from those for rAAV -LacZ transduction ( P < .01) . b: NKO -1 cells were mock -transduced ( open bar ) , transduced with 2Â10 4 particles / cell of rAAV -LacZ ( hatched bar ) or rAAVtk ( closed bar ) , and then treated with different concentrations of GCV. The survival rate was calculated as described in Materials and Methods. Data were analyzed by two -way ANOVA. Asterisks mean that the data obtained for rAAVtk transduction were significantly different from those for rAAV -LacZ transduction or without transduction ( P < .01 ) . 4 particles / cell of rAAV -LacZ immediately after 0, 2, or 4 Gy of -ray irradiation. Two days later, total DNA was isolated in a lowsalt condition. Total DNA treated without ( a ) or with mung bean nuclease ( b ) was separated on 1% agarose gels, transferred onto nylon membranes ( Hybond N + ; Amersham ) , and then hybridized with a radiolabeled CMV -specific probe. Signals were detected on an imaging analyzer. Lane 1: DNA directly isolated from rAAV -LacZ particles. Lane 2: a 4.7 -kb fragment derived from pAAV -LacZ, which was almost equal to the double -stranded monomer RF. A similar and more significant result was obtained with 2Â10 4 particles /cell of rAAVtk (Fig 6b ) . Irradiation at a dose of 4 Gy in combination with 3 g /mL GCV allowed only 13% of the cells to survive. Percent survival after treatment with various concentrations of GCV, ranging from 1 to 3 g/ mL, was significantly different from that without GCV treatment in both transductions with 6Â10 3 and 2Â10 4 particles /cell (two -way ANOVA: P <.01).
DISCUSSION
Although AAV vector has emerged as a useful alternative gene delivery vehicle, 5 one obstacle to its application is a low efficiency of transgene expression, mainly due to a limited second -strand synthesis. 13, 14 In the present study, we investigated whether the rAAVtk /GCV system with -ray irradiation brought about a synergistic therapeutic effect. First, by using rAAV-LacZ, we demonstrated that X -gal ± positive cells increased in number significantly when NKO -1 cells were transduced with rAAV-LacZ immediately after -ray irradiation at 3 or 4 Gy. However, no such enhancement of transgene expression was observed if the cells were transduced at different time points (Fig 3a) . The DNA repair synthesis induced by -rays, which may enhance the second -strand synthesis of the rAAV genome, is known to last for only a short period of time. 29 ± 31 On the other hand, -ray irradiation after gene transfer may damage the transgene and cancel out the enhancing effect on the second -strand synthesis. Several reports have shown that AAV vector-mediated transduction together with UV, -ray irradiation, or chemical treatment enhances transgene expression.
14,15,32 ± 35 Duan et al 36 reported that augmentation of endocytic pathways of viral uptake may also be involved in UV-mediated AAV transduction. Several authors have proven that UV irradiation enhances secondstrand synthesis in the rAAV genome. 13,14,32 ± 34 As shown in Figure 4 , our data support the concept that -ray irradiation facilitated the second -strand synthesis of the rAAV genome. DNA extraction under the low -salt condition 28 to prevent the annealing of single -stranded rAAV-LacZ genomes to each other and mung bean nuclease treatment helped to clearly visualize the double -stranded RF. The mechanism by which a genetic stress, such as -ray irradiation, enhances the second -strand synthesis is not fully understood. In vitro studies, however, have shown that DNA repair synthesis is required for AAV vector ±mediated transduction rather than replicative cellular DNA synthesis. 14, 33 The machinery of cellular DNA repair synthesis, which is activated by -ray irradiation, is considered to play an important role in converting the single -stranded rAAV genome to a doublestranded form. 13 Several studies reported that AAV vector expressing HSVtk was useful for the treatment of cancers in model experiments. Okada et al 9 showed that rAAV expressing HSVtk and interleukin 2 effectively killed glioma cells implanted into brains of nude mice. The expression of HSVtk driven by a liver-specific promoter via rAAV in tumors experimentally produced by implantation of hepatocellular carcinoma cells successfully retarded the tumors. 11 To further enhance the cytocidal effect of rAAVtk /GCV, in the present study, we investigated the efficacy of combining rAAVtk /GCV with -ray irradiation. As shown in Figure 5 , the rAAV /GCV system effectively killed NKO -1 cells. As the dose of rAAVtk or concentration of GCV increased, so did the percentage of cells killed. There was a significant bystander effect because the proportion of cells killed in Figure 5a was much greater than that shown in Figure 2a . Moreover, when NKO -1 cells were irradiated prior to transduction with rAAVtk, they were killed more efficiently in a dose -dependent manner (Fig 6) . These is likely no interaction between the antimetabolite killing of GCV and irradiation -induced cell death because the irradiation was given to cells 24 hours prior to addition of GCV. These results indicate that the rAAV-mediated expression of HSVtk could be augmented by -ray irradiation. Currently, we are examining the efficacy of this combination in animal models.
Because GCV has serious side effects, such as pancytopenia 37 and acute renal failure, 38 its concentration should be kept as low as possible. The present results suggest that the concentration of GCV, as well as the dose of rAAVtk, can be reduced by combining the treatment with a low dose ofray irradiation.
